Abstract: Alternating poly(ester amide)s 6a -e were prepared by polycondensation of α-carboxyl-ω-hydroxyamides 3a -e which were obtained by aminolysis of glutaric anhydride (1) and α,ω-aminoalcohols, H 2 N-(CH 2 ) x -OH (x = 2 -6) 2a -e. The polycondensation was performed in dimethylformamide solution using a carbodiimide as activating agent, or in bulk with Bu 2 Sn(OMe) 2 , Ti(OBu) 4 and Sn(octoate) 2 as a catalyst. For the polycondensation in bulk, the influence of catalyst and of temperature on the number-average molecular weight was studied. 1 H NMR analyses of the poly(ester amide)s clearly show the alternating microstructure. The poly(ester amide)s from glutaric anhydride and the homologous series of α,ω-aminoalcohols are semicrystalline materials; their melting points show the odd/even effect observed for other poly(ester amide)s.
Introduction
In the last years a renewed interest has emerged for poly(ester amide)s as promising biodegradable materials with good mechanical and thermal properties as well as processing facilities and susceptibility to enzymatic or hydrolytic degradation [1] . The role of poly(ester amide)s in the field of biodegradable polymers was recently reviewed in different papers [2] .
A polymer of commercial interest is the random poly(ester amide) BAK 1095 based on ε-caprolactam, butanediol and adipic acid. BAK 1095 has mechanical and thermal properties resembling those of polyethylene and is completely biodegradable according to DIN 54900 [3] .
The synthesis of alternating poly(ester amide)s is possible via ring-opening polymerisation of cyclic ester amides [4, 5] (e.g., morpholine-2,5-diones) and polycondensation of suitable linear AB-monomers such as α-carboxy-ω-hydroxy amides [6, 7] or α-carboxy-ω-amino esters [8, 9] . Alternating poly(ester amide)s based on dicarboxylic acids and aminoalcohols were synthesized by Endo et al. [6] using α-carboxy-ω-hydroxy amides as monomers. and Galbis Perez et al. [9] prepared alternating poly(ester amide)s by polycondensation of activated α-carboxy-ω-amino esters. Functional groups in the polymer backbone were introduced by polycondensation of tartaric anhydride derivatives with α,ω-aminoalcohols [8] or by 1 polycondensation of unfunctionalized anhydrides with aminoalcohols derived from monosaccharides [9] .
The hydrolytic degradation of alternating poly(ester amide)s with glutaric acid units is slow compared to the degradation of the corresponding polymers based on succinic acid [10] . This paper deals with the synthesis of alternating poly(ester amide)s by polycondensation of α-carboxy-ω-hydroxy amides in solution and in the melt. As starting materials glutaric anhydride and a homologous series of α,ω-aminoalcohols are used in order to elucidate the structure property relation.
Results and discussion
Alternating poly(ester amide)s were obtained from linear precursors by step growth reactions [6] [7] [8] [9] and from cyclic monomers by chain growth reactions [4] . The advantage of the ring-opening polymerisation is that molecular weight, molecular weight distribution and polymer topology can be controlled. The synthesis of the cyclic monomers, however, is often laborious and therefore a disadvantage.
The synthetic approach followed in this paper is outlined in Scheme 1. The reaction of glutaric anhydride with aminoalcohols 2a-e leads to different products depending on the reaction conditions. Scheme 1. Synthesis of poly(ester amide)s from glutaric anhydride and α,ω-aminoalcohols Under relatively mild conditions in solution α-carboxy-ω-hydroxy amides 3a-e are obtained by aminolysis of the cyclic anhydride [12] . In order to obtain high yields it is necessary to avoid the formation of ammonium salts from the resulting carboxylic acid and the aminoalcohol which is introduced into the system. This can be achieved by selecting a solvent in which the reaction product precipitates. Reaction conditions, yields, and melting points of the products are summarized in Tab. 1. These AB monomers were obtained in high purity and were used as starting materials for polycondensation experiments. Under more severe conditions at 170°C in bulk glutaric anhydride and aminoalcohols 2a-e result in N-(hydroxyalkyl)imides 4a-e. Obviously, at elevated temperatures the α-carboxy-ω-hydroxyamides 3a-e formed as intermediates eliminate water in a consecutive reaction leading to the imides.The dehydration of α-carboxy-ω-hydroxyamides 3a-e was studied both in the presence and absence of a catalyst: beside the N-(hydroxyalkyl)imides 4a-e two different products can be expected: cyclic ester amides 5a-e and poly(ester amide)s 6a-e.
Theoretical calculations have shown that the energy difference between N-(hydroxyalkyl)imides (HAI) 4a-e and cyclic ester amides (CEA) 5a-e, ∆E = E CEA -E HAI , is close to zero [13] . This means that calculation on the B3LYP level of theory, which was used throughout together with the 6-31+G(d,p) basis set (for all elements) as is implemented in Gaussian98, cannot give an answer to the question which of the products is thermodynamically more stable and thus can be expected from dehydration of α-carboxy-ω-hydroxyamides 3a-e. The experimental results (Tab. 2) reveal that, for the reaction of glutaric anhydride with aminoalcohols 2a,b,d,e in the absence of a catalyst, the N-(hydroxyalkyl)imides 4a,b,d,e are the only products observed. However, when the starting materials were α-carboxy-ω-hydroxyamides 3c-e the results were slightly different. While for α-carboxy-ω-hydroxyamides 3c and 3d the N-(hydroxyalkyl)imides 4c and 4d were obtained, in the case of α-carboxy-ω-hydroxyamides 3e, depending on the catalyst used, different results were obtained: with Bu 2 Sn(OMe) 2 as a catalyst the imide 4e was the only product, while with Ti(OBu) 4 a mixture of 4e and 5e was obtained. Fig. 1 shows the 1 H NMR spectra of the imide 4e and of the mixture of 4e with the cyclic ester amide 5e. The characteristic resonance lines of the cyclic ester amide 5e are the CH 2 groups adjacent to the functional groups: CH 2 -8 (δ = 2.16 ppm), CH 2 -10 3 (δ = 2.33 ppm), CH 2 -6 (δ = 3.08 ppm), and CH 2 -1 (δ = 4.02 ppm). From the 1 H NMR spectrum a mole ratio of 1:2 was determined for 4e/5e.
The depolymerisation of poly(ester amide)s 6a-e results in the same products, i.e., from 6a-d the imides 4a-d are obtained and from 6e a mixture of imide 4e and ester amide 5e is obtained. Fig. 1 
Polycondensation of α-carboxyl-ω-hydroxyamides 3a-e
First polycondensation experiments were performed in dimethylformamide (DMF) solution at room temperature using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl) as activator for the carboxylic group and 4-dimethylaminopyridine (DMAP) as a catalyst [6] . During polycondensation the viscosity of the solution increases and in some cases gelation occurs. The polymers were isolated by precipitation in methylene chloride. The polymers 6a-e were characterized by means of NMR spectroscopy and gel permeation chromatography (GPC; Tab. 3). The GPC plots are monomodal with number-average molecular weights of 6 800 to 10 900 and polydispersities of 1.35 to 1.58. The poly(ester amide)s 6a and 6b are viscous materials at room r.t. while 6c-e are white solids. The 1 H NMR spectra of these polymers (Fig. 2) We have studied the polycondensation of α-carboxy-ω-hydroxyamides 3a-e in bulk under various conditions. First the influence of the temperature on the reaction course was studied by polycondensation of 3e. For three temperatures, 85, 110 and 170°C, the number-average molecular weight was determined as a function of polymerisation time (Fig. 3) , under conditions which allow a removal of the water formed during polycondensation. At 170°C after relative short time we observed the 5 formation of the N-(hydroxyalkyl)imide 4e which was removed from the polycondensation flask by sublimation. The molecular weight of the polymer never exceeded a value of M n = 5 000. At 110°C a continuous increase of M n with time was observed. After 336 h a value of M n ≈ 15 000 was achieved. The polycondensation rate at 85°C was very low; after 336 h an M n value of c. 5 000 was observed. In the following, the results obtained for polycondensation of the α-carboxy-ω-hydroxyamides 3a-e under identical conditions will be presented and discussed. We chose a temperature of T = 110°C, 2 mol-% Bu 2 Sn(OMe) 2 as catalyst, and followed the M n values obtained as a function of time (Fig. 4) . Up to 168 h M n increases with time for all α-carboxy-ω-hydroxyamides used. The M n values for 6a-c remain constant while for 6d and 6e a further increase of M n is observed up to 264 h. A limiting factor for the stagnation of M n is the formation of glutaric imide end groups which is associated with a decrease of the [COOH] / [OH] ratio. Obviously this side reaction is more favoured for the repeating units which contain aminoethanol, aminopropanol and aminobutanol.
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Finally we investigated the role of the catalyst in this polycondensation reaction. For this purpose the α-carboxy-ω-hydroxyamides were subjected to polycondensation without a catalyst and with Ti(OBu) 4 , Bu 2 Sn(OMe) 2 or Sn(octoate) 2 as a catalyst. Fig. 5 shows exemplarily the results obtained for the polycondensation of 3e. Without a catalyst, the polycondensation is slow and after 100 h no further increase of the molecular weight is observed. With catalysts, a continuous increase of the molecular weight is observed up to 264 h; with Ti(OBu) 4 as a catalyst, the highest molecular weights are obtained.
Analysis of the
1 H spectrum of a polymer obtained by polycondensation of 3e in bulk with Ti(OBu) 4 as a catalyst clearly reveals the formation of the poly(ester amide) with a uniform microstructure (Fig. 6) . The signals of low intensity (δ = 4.33 ppm for the OH proton, 3.59 ppm for CH 2 -N, 3.36 ppm for CH 2 -O, 2.58 ppm for CH 2 -CO-N-CO) were assigned to hydroxymethyl and imide end groups. In addition this spectrum contains N-(hydroxyalkyl)imide 4e. Based on the results obtained we assume that polycondensation in bulk occurs according to the well known mechanism of polyester formation by step growth reaction [14] . Side reactions occur mainly due to reactions of the amide nitrogen, the ester carbonyl of the repeating units and the hydroxy end groups. Scheme 2 presents the mechanistic proposal with special emphasis on the side reactions. First polycondensation occurs by intermolecular reaction of hydroxy and carboxy functional groups of the monomers with formation of the poly(ester amide) 7 and water. The formation of imide end groups by intramolecular reaction of the amide nitrogen with the carbonyl group of the ester function of the same glutaric moiety of one of the repeating units is a much slower reaction. This reaction is associated with chain scission and formation of the fragments 8 and 9. Because of this reaction, the ratio of the reacting functional groups [COOH] / [OH] decreases below 1, with all the consequences for a polycondensation reaction.
OH Scheme 2. Side reactions during polycondensation of α-carboxyl-ω-hydroxyamides
The hydroxy end group and the amide nitrogen of the last repeating unit are potential nucleophilic centres of the poly(ester amide) 8 or 9 prone to react with the electrophilic carbonyl carbon in a back-biting reaction: (i) Reaction of the hydroxy group with the carbonyl carbon leads to the formation of cyclic ester amides 10. (ii) Reaction of the amide nitrogen leads to the formation of N-(hydroxyalkyl)imide 11. Equilibrium between cyclic ester amide and N-(hydoxyalkyl)imide may occur by ring contraction of the cyclic ester amide or ring expansion of the N-(hydoxyalkyl)imide 11 depending on the thermodynamic stability of the respective cyclic system (Tab. 2). It should be mentioned that the formation of glutaric imide building blocks was observed also for other polymers before [15] .
Thermal properties of the poly(ester amide)s 6a-e
The thermogravimetric analysis (TGA) results of the poly(ester amide)s 6a-e (Fig. 7) clearly reveal a dependence of the degradation temperature on the chemical structure, i.e., the aminoalcohol in the repeating unit. With increasing number of methylene groups in the aminoalcohol the degradation temperature increases: in the point of inflection it is for 6a and 6b ≈ 320°C, for 6c 356°C, for 6d 364°C, and for 6e 382°C. This dependence of the degradation temperature on the structure of the repeating unit has its origin in the formation of glutaric imide end groups. This effect has been observed already in the synthesis of the poly(ester amide)s (Fig. 4) where a dependence of the final molecular weight on the polymer structure was observed. With increasing number of methylene groups in the aminoalcohol the imide formation is retarded and, therefore, the final molecular weight is higher. Differential scanning analysis (DSC) of the poly(ester amide)s 6c-e reveals the semicrystalline character of these polymers. As shown for the poly(ester amide)s based on succinic anhydride [13] and adipic anhydride [16] with α,ω-aminoalcohols, these polymers show a pronounced even/odd effect between 130°C and 190°C for the former and 100°C to 150°C for the latter. For the poly(ester amide)s 6c-e (Tab. 4) this effect can be observed, too. In addition, the lower melting point of 6e compared to 6c can be explained by the decreasing concentration of amide groups in these polymers. A typical DSC trace is shown in Fig. 8 for the poly(ester amide) 6c. On first heating the endothermic melting peak is narrow indicating a uniform distribution of crystallite sizes resulting from precipitation when a DMF solution is poured into ether. On cooling no crystallization is observed. On second heating a broader melting endotherm is observed indicating a broader distribution of crystal sizes. 
Conclusions
A series of alternating poly(ester amide)s was obtained by polycondensation of α-carboxy-ω-hydroxy amides under mild conditions in solution and in bulk at temperatures above the melting point of the AB-monomers. The poly(ester amide)s from glutaric anhydride with 1,2-aminoethanol resp. glutaric anhydride and 1,3-aminopropanol are viscous materials at r.t.; the poly(ester amide)s of glutaric anhydride and 1,4-aminobutanol, 1,5-aminopentanol, and 1,6-aminohexanol have melting points between 91°C and 111°C and show an odd/even effect. Thermal decomposition of these poly(ester amide)s leads to the formation of N-(hydroxyalkyl)imides; for the poly(ester amide) from glutaric anhydride and 1,6-aminohexanol in addition a cyclic ester amide is obtained under special conditions.
Experimental part

Materials
Glutaric anhydride (Acros), 1,2-aminoethanol (Aldrich), 1,3-aminopropanol (BASF), 1,4-aminobutanol (Acros), 1,5-aminopentanol (Fluka), 1,6-aminohexanol (Fluka), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl, Aldrich), 4-dimethylaminopyridine (DMAP, Acros), tin(II) 2-ethylhexanoate (Sn(octoate) 2 , Aldrich), titanium(IV) butoxide (Ti(OBu) 4 , Acros) and dibutyldimethoxytin (Bu 2 Sn-(OMe) 2 , Aldrich) were used as received. Dimethylformamide (DMF) was refluxed over CaH 2 for several hours and distilled before use.
Polymerisations were carried out in an inert gas atmosphere. Nitrogen (Linde) was passed over molecular sieves (4 Å) and finely distributed potassium on aluminium oxide.
Measurements 1 H NMR and 13 C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 MHz and 75 MHz, respectively. Chloroform (CDCl 3 ) and dimethyl sulfoxide (DMSO-d 6 ) were used as solvents, and tetramethylsilane (TMS) served as an internal standard.
Gel permeation chromatography (GPC) analyses were carried out using a high pressure liquid chromatography pump (Bischoff HPLC pump 2200) and a refractive index detector (Waters 410). The eluting solvent was dimethylacetamide with 2.44 g·L -1 LiCl with a flow rate of 0.8 mL·min -1 . Four columns with MZ-DVB gel were applied: length of each column 300 mm, diameter 8 mm, diameter of gel particles 5 µm, nominal pore width 100 Å, 100 Å, 10 3 Å and 10 4 Å. Calibration with polystyrene standards was used for the estimation of the molecular weights and the polydispersity.
Thermogravimetric analyses (TGA) were performed on a TG 209 with a TA-SystemController TASC 414/2 from Netzsch. The measurements were performed under nitrogen with a heating rate of 10 K·min -1 .
Differential scanning calorimetric analyses were performed with a Netzsch DSC 204 under nitrogen with a heating rate of 10 K·min -1 .
Preparation of α-carboxyl-ω-hydroxyamides 3a-e
A solution of 6-amino-1-hexanol (2e) (11.72 g, 100 mmol) in acetonitrile (20 mL) was added to a solution of glutaric anhydride (12.55 g, 110 mmol) in diethyl ether (400 mL) / acetonitrile (180 mL) and stirred for 16 h. The product 3e (21.79 g, 94 mmol) was isolated by filtration.
The procedure described for the preparation of 3e was used for all α-carboxy-ω-hydroxyamides 3a-e. The reaction conditions, yield and melting point of the α-carboxy-ω-hydroxy mides 3a-e are summarized in Tab. 1.
For all α-carboxy-ω-hydroxyamides 3a-e the 1 H and 13 C NMR spectra in DMSO-d 6 , mass spectra and IR spectra were in accord with the proposed structure. The elemental analyses of the samples corresponded to the theoretically calculated values proving the high purity of the monomers [11] .
Polycondensation of α-carboxyl-ω-hydroxyamides 3a-e Polycondensation in solution EDC·HCl (2.30 g, 12.0 mmol) was added to a solution of α-carboxy-ω-hydroxyamide (2.31 g, 10.0 mmol) 3e in DMF (5 mL) under nitrogen at 0°C and stirred for 2 h. Then 4-dimethylaminopyridine (122 mg, 1 mmol) was added and stirred for 24 h. The product was isolated by precipitation in methylene chloride.
The procedure described for the polycondensation of 3e in solution using EDC·HCl as activating agent was used for all α-carboxy-ω-hydroxyamides 3a-e. The yield, number-average molecular weight, and polydispersity of the polymers 6a-e are summarized in Tab. 3. 1 H and 13 C NMR spectra in DMSO-d 6 and IR spectra of the poly(ester amide)s 6a-e were in accord with the proposed structure [11] .
Polycondensation in bulk α-Carboxy-ω-hydroxyamide 3e (3.47g, 15 mmol) was heated to 110°C and treated with Ti(OBu) 4 (102 mg, 0.3 mmol). The polycondensation was performed in vacuum (10 -2 mbar) for 96 h and the condensate was removed from the reaction vessel by distillation. The polymer was isolated by dissolution in DMF and precipitation in ether.
The procedure described for the polycondensation of 3e in bulk was used for all α-carboxy-ω-hydroxy amides 3a-e. The yield, number-average molecular weight and the polydispersity of the polymers 6a-e are summarized in Tab. 5. Tab. 5. Yields, number-average molecular weights, and polydispersity index of the poly(ester amide)s 6a-e prepared in bulk 6a 6b 6c 6d 6e
Yield in % n. 
Preparation of N-(hydroxyalkyl)imides 4a-e
Method A: Equimolar amounts of glutaric anhydride (25.10 g, 220 mmol) and 5-amino-1-pentanol (2d) (22.70 g, 220 mmol) were heated to 170°C for 1 -2 h. The product 4d was isolated by distillation in vacuum. Yield: 26.66 g (134 mmol).
Method B: α-Carboxy-ω-hydroxyamide 3d (3.26 g, 15 mmol) and Ti(OBu) 4 (102 mg, 0.3 mmol) were heated for 1 -2 h to 170°C. The product 4d was isolated by distillation. Yield: 2.37 g (11.9 mmol).
One of the procedures described for the preparation of N-(hydroxypentyl)imide 4d was used for the preparation of the other N-(hydroxyalkyl)imides 4a-c,e. The results are summarized in Tab. 2. 1 H and 13 C NMR spectra in DMSO-d 6 , and IR spectra of N-(hydroxyalkyl)imides 4a-e were in accord with the proposed structure [11] .
Preparation of the cyclic ester amide 5e α-Carboxy-ω-hydroxyamide 3e (3.47 g, 15 mmol) and Ti(OBu) 4 (102 mg, 0.3 mmol) were heated for 336 h to 170°C. A mixture of 4e and 5e was isolated by distillation. Yield: 1.30 g (6.53 mmol).
NMR spectroscopic data of 5e (Fig. 1): 1 H NMR (in DMSO-d 6 ): δ = 1.31 -1.40 (m, 6H, CH 2 -3,4,5), 1.57 (m, 2H, CH 2 -2), 1.79 (p, 2H, CH 2 -9), J = 6.4 Hz), 2.16 (tr, 2H, CH 2 -8, J = 6.4 Hz), 2.33 (tr, 2H, CH 2 -10, J = 6.4 Hz), 3.08 (d/tr, 2H, CH 2 -6, J = 5.6 Hz), 4.02 (tr, 2H, CH 2 -1, J = 5.3 Hz), 7.60 (br. s, 1H, NH) ppm. 13 
